A key step in the processive motion of two-headed kinesin along a microtubule is the 'docking' of the neck linker that joins each kinesin head to the motor's dimerized coiled-coil neck. This process is similar to the folding of a protein β-hairpin, which starts in a highly mobile unfolded state that has significant entropic elasticity and finishes in a more rigid folded state. We therefore suggest that neck-linker docking is mechanically equivalent to the thermally activated shortening of a spring that has been stretched by an applied load. This critical tension-dependent step utilizes Brownian motion and it immediately follows the binding of ATP, the hydrolysis of which provides the free energy that drives the kinesin cycle. A simple three-state model incorporating neck-linker docking can account quantitatively for both the kinesin force-velocity relation and the unusual tension-dependence of its Michaelis constant. However, we find that the observed randomness of the kinesin motor requires a more detailed four-state model. Monte Carlo simulations of single-molecule stepping with this model illustrate the possibility of sub-8 nm steps, the size of which is predicted to vary linearly with the applied load.
INTRODUCTION
Kinesin is a two-headed protein motor that steps processively along microtubules, hydrolysing one molecule of ATP for each 8 nm step (Howard et al. 1989; Block et al. 1990; Hackney 1995; Hua et al. 1997; Schnitzer & Block 1997; Coy et al. 1999) . Two key experiments have highlighted the essential part played by ATP in driving the kinesin motor. First, Visscher et al. (1999) employed an elegant force-clamp technique to investigate the dependence of velocity on [ATP] for single kinesin dimers. They demonstrated that the stepping velocity obeys the Michaelis-Menten equation (Howard et al. 1989; Schnitzer & Block 1997 ) for a range of loads, whilst the Michaelis constant K m , rather surprisingly, increases with applied force. Second, Rice et al. (1999) combined several powerful techniques to determine the effect of nucleotides on the 'neck linker' that joins the motor domain of each kinesin head to the dimerized coiled-coil neck (Endow 1999) . Their results suggest that the binding of ATP by a kinesin head attached to tubulin allows the neck linker to 'dock' with its head (Rice et al. 1999; Vale & Milligan 2000) . Additional experiments have shown that the kinesin motor is effectively disabled when the neck linker is replaced by a random sequence of amino acids (Case et al. 2000) or when it is cross-linked to the catalytic core of the kinesin head (Tomishige & Vale 2000) . Neck-linker docking therefore seems to be crucial to the operation of the kinesin motor. Mogilner et al. (2001) have proposed a model for the kinesin motor in which the undocked neck linker is treated as a bistable element. We present an alternative physical analysis in which neck-linker docking is regarded as the thermally activated shortening of a spring. We show that the integration of this step into the kinesin cycle (Hackney 1994; Duke & Leibler 1996; Hancock & Howard 1999; Astumian & Derenyi 1999; Schnitzer et al. 2000) produces a scheme that can account quantitatively for the kinesin force-velocity relation, the unusual tension-dependence of its Michaelis constant and the observed randomness of the kinesin motor (Visscher et al. 1999; Thomas et al. 2001) . Furthermore, we discuss how neck-linker docking may lead to the occurrence of sub-8 nm steps (Coppin et al. 1996; Nishiyama et al. 2001) . Figure 1a presents an idealized view of neck-linker docking (Rice et al. 1999; Vale & Milligan 2000) for a single kinesin head attached to a β-tubulin monomer. The undocked neck linker NL is joined to the kinesin neck at N (which represents the amino-terminal end of the coiledcoil neck) and to the head at L (which represents the carboxy-terminal end of the kinesin α 6 helix). Docking can occur in the presence of bound ATP when NL aligns with its docked position PL; hence, in simple terms, it is as though N attaches to a binding site P on the kinesin head. However, in this case a small force f is applied to the stalk of the molecule at S, as in the force-clamp experiment of Visscher et al. (1999) . The applied force may cause rotation, bending and stretching of the undocked neck linker, the combined effect of which is to move N away from its docking site P. If the molecule behaves as a linear elastic system, then the resultant displacement of S is proportional to the applied force, and we may write it as f/, where the effective stiffness is determined by the neck linker. The docking may therefore be represented by the one-dimensional model that is illustrated in figure 1b, which shows the shortening of a spring NP of stiffness . Since the undocked neck linker is very mobile (Rice et al. 1999) , N undergoes Brownian motion, the extent of which is also governed by . Docking can only occur when the Brownian motion brings N into contact with P, and this requires N to move a distance f/ from its equilibrium position. Hence, for docking to occur, an elastic energy
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of f 2 /2 must be supplied to the spring by the thermal fluctuations that cause Brownian motion.
In reality, neck-linker docking may entail the formation of multiple links between various residues in the kinesin head and those along the length of the neck linker, like the closing of a zip-fastener (Rice et al. 1999; Vale & Milligan 2000; Mogilner et al. 2001) . However, the ener-getics for making each link is analogous to the formation of the single link in figure 1a , so the total elastic energy may still be written as f 2 /2 = Σf 2 /2 i , where i denotes the effective stiffness of an individual link and is now the total stiffness of all the links acting in series, which are stretched by the force f applied at S. The process of necklinker docking is therefore quite similar to the folding of a protein chain into a β-hairpin (Muñ oz et al. 1997) or the formation of a DNA hairpin (Wallace et al. 2001) . Muñ oz et al. (1998) have discussed the statistical mechanics of β-hairpin formation in the absence of an applied force. Their analysis shows that the unfolded β-hairpin, which is analogous to the undocked neck linker in figure  1a , has a high entropy owing to the freedom for its aminoacid residues to adopt different conformations by means of rotation about peptide bonds (Branden & Tooze 1999) . Rapid conformational changes of this type may also account for the high mobility of the undocked kinesin neck linker (Rice et al. 1999) . As discussed by Howard (2001, pp. 112-114) , one would expect such a protein chain to exhibit entropic elasticity similar to that of an ideal rubber (Treloar 1958; Kittel 1969) . Moreover, although such entropic elasticity would be expected to contribute to the stiffness of the undocked neck linker, it would not be present in the docked state. Hence, the similarity to β-hairpin formation provides further justification for regarding neck-linker docking as the shortening of a spring, as shown in figure 1b .
By contrast to the model presented, Schnitzer et al. (2000) treated neck-linker docking as a 'rapid isomerization' between discrete undocked and docked states. Their analysis implicitly assigns the same statistical weight to both states, and it is only the probability of the kinesin head being in either of these two discrete states that is affected by the applied force. Hence, their model does not allow either for the extra conformational entropy of the undocked neck linker or for its entropic elasticity. Kawaguchi & Ishiwata (2001) directly measured the stiffness of kinesin molecules with single and two-headed attachments to microtubules. The stiffness per head of ca. 0.3 pN nm Ϫ1 that they observed is comparable with the estimate of 1 pN nm Ϫ1 for the entropic stiffness due to folding of a protein chain (Howard 2001) . Mogilner et al. (2001) treated the undocked neck linker itself as a bistable system that undergoes rapid isomerization between forward-and rear-pointing states. This twostate model can account for the high mobility of the undocked neck linker (Rice et al. 1999) . However, if the undocked neck linker behaves like an unfolded β-hairpin that can adopt many conformations, then we expect it to behave more like a spring than a two-state system.
Another consideration in modelling neck-linker docking is that the undocked position N of the neck linker may not coincide precisely with its docked position P when f = 0. In that case, we may take the spring NP in figure  1b to have a rest length of d and allow it to shorten by Brownian motion, so that N docks with P in the presence of the applied force f. The elastic energy required for docking in this case is ( f Ϫ f 0 ) 2 /2, where f 0 (= Ϫd ) represents the compressive force that is needed to counteract the shift in the undocked position due to the spring's non-zero rest length. Since the elastic energy is supplied by thermal fluctuations, we expect neck-linker docking (treated here Proc. R. Soc. Lond. B (2002) as a single step) to be a thermally activated process with a rate constant at temperature T that is proportional to exp[Ϫ( f Ϫ f 0 ) 2 /2kT], where k is Boltzmann's constant. Note that the corresponding expression for a power stroke of fixed length h, which requires energy fh, is exp(Ϫfh/kT ). The quadratic tension-dependence of the elastic energy for neck-linker docking in kinesin therefore distinguishes it from a myosin-like power stroke (Huxley 1969; Huxley & Simmons 1971) , even though the internal operation of the motor domains in kinesin and myosin may be very similar (Vale & Milligan 2000) . Figure 1c shows a conceptual scheme that incorporates neck-linker docking into a greatly simplified cycle for the stepping of a conventional kinesin homodimer along a microtubule (Hackney 1994; Duke & Leibler 1996; Hancock & Howard 1999; Astumian & Derenyi 1999) . The dimer (Kozielski et al. 1997 ) is formed by intertwining the necks and stalks of two kinesin monomers, leaving two motile heads A and B, each of which is joined to the neck at N by a neck linker of stiffness . To simulate the force-clamp experiment of Visscher et al. (1999) , the kinesin stalk is fixed at its tail-end S to a bead C that is held in an optical trap (not shown) by a constant force f. The force-clamp technique ensures that the stiffness 0 of SN (and its attachment to C) does not affect the kinesin stepping.
NECK-LINKER DOCKING IN THE KINESIN CYCLE
The kinesin dimer in figure 1c moves through three states at tubulin attachment site n before proceeding to the next site n ϩ 1, which is a distance u 0 (8 nm) along the microtubule. In state 1, head A is nucleotide-free and is attached to site n, whilst head B is detached and still binds ADP. The neck linkers of both heads at this stage are undocked, but head A then binds ATP to form state 2. This allows its neck linker to dock, whilst head B swings forward, attaches to the next attachment site n ϩ 1, and rapidly releases ADP to form the two-headed attachment complex shown as state 3. Following this, head A detaches and releases inorganic phosphate (P i ), which allows its neck linker to undock (Rice et al. 1999) , whilst head B remains attached to site n ϩ 1 with its neck linker undocked, as shown for state 4 in the diagram. The cycle then repeats itself with the roles of heads A and B interchanged. The net result of this alternating-head scheme (Hackney 1994; Duke & Leibler 1996; Hancock & Howard 1999 ) is that the kinesin dimer hydrolyses one molecule of ATP for each 8 nm step as it advances towards the 'plus' (i.e. rapidly growing) end of the microtubule. Vale & Milligan (2000) have pointed out the important asymmetry in a two-headed attachment state that is equivalent to state 3 in figure 1c . In this state, the neck linker of head A on site n is docked and therefore points towards the plus end of the microtubule, as shown in figure 1a , whilst that of head B on site n ϩ 1 is undocked and is pulled backwards so that it points towards the minus end. Since each neck linker is ca. 4 nm long, the heads in this conformation can attach to the two sites separated by 8 nm without unravelling the dimerized kinesin neck (Huang et al. 1994; Hirose et al. 1996) . Moreover, necklinker docking for head A at site n precludes the attach-ment of head B to the preceding site n Ϫ 1 in the absence of neck unravelling. Hence, neck-linker docking may be a factor in causing the plus-end processive motion of kinesin (Endow 1999; Vale & Milligan 2000) .
One might argue that head B in state 2 should be able to attach to site n Ϫ 1 before head A has docked. Such a transition would reduce the processivity of the kinesin motor. However, this transition would require neck-linker docking for head B, and that cannot occur while head B binds ADP alone. Docking can only occur when a kinesin head binds ATP or ADP.P i , so head B would need to rebind P i first. Note, however, that Mogilner et al. (2001) suggested that the bistable undocked neck linker of head A in their model allows head B to attach either to site n Ϫ 1 or to site n ϩ 1. In their analysis, it is the loaddependence of this process, rather than the actual docking of the neck linker, that determines the force-velocity relation of the kinesin motor.
Note that figure 1c contains some simplifications compared with schemes that have previously been suggested for kinesin stepping (Hackney 1994; Duke & Leibler 1996; Astumian & Derenyi 1999; Hancock & Howard 1999) . First, we have not indicated where hydrolysis of the bound ATP to ADP.P i occurs, so the kinesin head in both states is simply marked as T. Second, the transitions from state 2 to 3 and from state 3 to 4 each combine a biochemical event (release of ADP or P i ) and two mechanical events (attachment or detachment of a kinesin head, and docking or undocking of the neck linker). Strictly speaking, one should separate each mechanical and biochemical event by introducing additional intermediate states, as is discussed below in the context of randomness measurements. However, the simplified scheme in figure 1c is sufficient to distinguish between the states that produce different positions of the bead C as the kinesin molecule steps along the microtubule. In addition, although there is no mechanical change in the kinesin (and no movement of the bead) during the transition from state 1 to state 2, we have included this step explicitly in order to take account of the binding of ATP. The kinesin model in figure 1c is therefore the simplest model that allows us to investigate the effect of ATP concentration on the force-velocity relation, and hence to simulate the forceclamp results of Visscher et al. (1999) .
Since the transition from state 2 to state 3 in figure 1c involves neck-linker docking, we may write the rate constant for this step as
where the pre-factor k 23 is independent of load f. (The pre-factor k 23 is in fact proportional to exp[
/2kT], owing to the elastic energy (u 0 Ϫ d ) 2 /2 that is required to attach head B to site n ϩ 1 in state 3. However, since it does not depend on the applied force, this term has been absorbed here into k 23 .) Docking of head A also occurs for the reverse transition from state 4 to state 3, in which case Brownian motion must stretch the neck-linker spring of head B by u 0 Ϫ d Ϫ f/ . Hence, we expect the rate constant for this reverse transition to be of the form For thermodynamic consistency, the rate constants for a three-state model of a tightly coupled processive molecular motor such as kinesin must satisfy the relation (Thomas et al. 2001) 
where Ϫ⌬G is the free-energy decrease due to the hydrolysis of one molecule of ATP. For the model in figure 1c , only the rate constants k 23 ( f ) and k 43 ( f ) depend on the load f, and it is straightforward to verify from equations (3.1) and (3.2) that equation (3.3) is obeyed. The threestate kinesin model presented here is therefore consistent with thermodynamics, but that does not appear to be the case for the model of Schnitzer et al. (2000) 
THE MICHAELIS-MENTEN RELATION FOR KINESIN
The Michaelis-Menten relation for the rate of ATP hydrolysis by kinesin is a basic property of the hydrolysis cycle (Astumian & Derenyi 1999) . To derive the relation for the kinesin motor in figure 1c , we may consider an ensemble of kinesin molecules, each subjected to an applied force f. At steady state, the net rates for each transition in the cycle are equal, so the average hydrolysis rate per molecule is
where P i is the probability of finding a kinesin molecule in state i, and k ij is the rate constant for the transition from state i to state j. Note that we have made use in equation (4.1) of the equivalence (at steady state) between states 1 and 4 in figure 1c , so that we are effectively dealing with a threestate cycle, the ensemble probabilities for which obey the normalization condition P 1 ϩ P 2 ϩ P 3 = 1. The analysis is simplest when there is negligible ADP or P i in solution, as in the force-clamp experiment of Visscher et al. (1999) , in which case the two backward rate constants, k 32 and k 43 ( f ), may be taken to be zero. We may also simplify matters by neglecting dissociation of the kinesin-tubulin complex, since it has been shown experimentally that kinesin dimers can perform a hundred or more steps before they dissociate from a microtubule (Howard et al. 1989; Block et al. 1990; Svoboda et al. 1993; Vale et al. 1996) . In that case, given that the ATP hydrolysis in figure  1c is tightly coupled to the kinesin stepping (Visscher et al. 1999; Thomas et al. 2001) , the average velocity v = u 0 R. Since the Law of Mass Action requires that k 12 = K 12 [ATP] , where K 12 is the molar rate constant for ATP-binding, we then find that the kinesin stepping velocity v obeys the Michaelis-Menten equation
where, in the absence of ADP and phosphate, the maximum velocity v max at a given load f is given by 
and the Michaelis constant K m is given by
The Michaelis-Menten relation in equation (4.2) is a consequence of the assumption that ATP-binding is a first-order reaction with a rate constant of the form k 12 = K 12 [ATP] . The equation therefore applies even to more complex models of kinesin that contain more than three states. Equations (4.3) and (4.4), for v max and K m , respectively are, however, specific to the simple three-state model. By contrast to the approach used here, Schnitzer et al. (2000) took the Michaelis-Menten relation as the starting point for their analysis of kinesin. We have fitted the experimental force-velocity data of Visscher et al. (1999) to the three-state kinesin model in order to determine the stiffness and the rate constants (see Appendix A). The best fit to the data was obtained for f 0 = Ϫ1 pN, yielding = 1.72 ± 0.15 pN nm Ϫ1 , but the fit for f 0 = 0 was almost as good, yielding an alternative value for of 1.43 ± 0.13 pN nm
Ϫ1
. The two fits lead to two slightly different sets of parameters for the neck-linker docking model (see Appendix A). Figure 2 compares the experimental force-velocity data (Visscher et al. 1999) for kinesin with that for the model when [ATP] = 5 µM or 2 mM. The solid lines here (and also in figure 3 ) arise from the theoretical fit for f 0 = Ϫ1 pN, whilst the dashed lines are for f 0 = 0. The model reproduces very well the different shapes of the forcevelocity relation at low and high [ATP] . There is little to choose between the two sets of parameters, the main difference being the maximum velocity at f 0 = 0 and [ATP] = 5 µM when f 0 = 0. Although there is no direct experimental evidence for this maximum, there are not enough accurate data at low forces to exclude it. A velocity maximum has, however, been observed for kinesin at f Ϸ Ϫ5 pN when the bead was pushed rather than pulled (Coppin et al. 1997) . meters v max and K m calculated from equations (4.3) and (4.4) also agree very well with the experimental data of Visscher et al. (1999) . In particular, the neck-linker docking model produces an increase of K m with tension, which they attributed to tension-dependence of either the ATPbinding rate constant K 12 or the unbinding rate constant k 21 . By contrast, as tension increases in the neck-linker docking model, k 23 ( f ) decreases and the kinesin molecule tends to become 'trapped' in state 2. ATP unbinding due to k 21 is then more frequent, so K m increases even though K 12 and k 21 are constant. Furthermore, the decrease of v max with tension in figure 3 is also a direct consequence of the decrease of k 23 ( f ) in equation (4.3) due to necklinker docking.
RANDOMNESS
The forward motion of a tightly coupled processive molecular motor such as kinesin is inherently stochastic and constitutes a biased random walk (Berg 1993; Astumian 1997; Thomas et al. 2001) . Visscher et al. (1999) determined the experimental randomness parameter r for kinesin, which may be defined as (Svoboda et al. 1994) 
where ϽxϾ is the mean of the distance x travelled in a series of trials of fixed duration, and Ͻ␦x 2 Ͼ is the variance in x. Thomas et al. (2001) have shown that, in the absence of ADP or phosphate, the randomness is
where is the time-constant for the stepping velocity v to reach its steady-state value. Figure 4 shows that the theoretical randomness calculated using equation (5.2) for the three-state model (dashed line) is higher than that observed experimentally by Visscher et al. (1999) . This implies that the kinesin motor's internal time-constant must be somewhat longer than that predicted by the three-state model. Adding extra states to the model of a molecular motor tends to increase (Visscher et al. 1999 ) and the randomness calculated for the three-state (dashed line) and four-state (solid line) kinesin models according to the theory of Thomas et al. (2001). its internal time-constant; for instance, a hypothetical onestate motor has = 0, whilst a two-state motor has nonzero , which leads to a lower randomness (Thomas et al. 2001) . Hence, although the three-state model can account very well for both the force-velocity relation and the Michaelis-Menten behaviour of kinesin, four or more states may be required in order to account for the low randomness observed by Visscher et al. (1999) . Fisher & Kolomeisky (2001) reached a similar conclusion based on their analysis of the experimental data.
An additional state can readily be introduced into the kinesin model in figure 1c by separating neck-linker docking from the attachment of the second head in the transition from state 2 to state 3. This creates an intermediate state 2Ј in which head A has undergone neck-linker docking prior to the attachment of head B. The rate constant k 22Ј ( f ) for neck-linker docking in this four-state model has the same load-dependence as k 23 ( f ) in equation (3.1) for the three-state model, and it may therefore be written as
whilst the rate constants k 2Ј2 , k 2Ј3 and k 32Ј are all independent of the applied load f. As discussed in Appendix A, the best-fit parameters from the three-state model can be used to reduce the number of degrees of freedom in fitting the four-state model. The resultant fits to the forcevelocity and Michaelis-Menten data in figures 2 and 3 are almost identical to those for the three-state model. However, the randomness predicted by the four-state model, shown by the solid line in figure 4 , is much closer to the experimental data of Visscher et al. (1999) .
SUB-8 NANOMETRE STEPS
An additional feature of figure 1c is that the bead moves forwards in two sub-8 nm steps: first, by a distance f/ when the neck linker for head A docks, and secondly by u 0 Ϫ f/ when head A detaches, which allows the neck linker for head B to use its stored elastic energy to pull the load forwards. Figure 5a shows a Monte Carlo simulation (Thomas & Thornhill 1998) Nishiyama et al. (2001) . Curve A is the unfiltered signal sampled at 100 kHz, whilst curves B and C show filtered data as in (a). The inset shows unfiltered data (black line) for the first kinesin step on a sub-millisecond time-scale together with a hypothetical noise-free signal (grey line) to emphasize the rapid sub-8 nm step.
unfiltered displacement signal (sampled at 20 kHz), which is dominated by noise due to the Brownian motion of the optically trapped bead with a diameter of 0.5 µm. The Brownian noise has been greatly reduced in curve B by passing the signal through a 100 Hz low-pass filter. Sub-8 nm steps are quite clear in this filtered signal, and in addition there are occasional 'flip-flop' events, where the displacement rises and then falls as the neck linker docks and then undocks. These features are generally masked by the noise in the unfiltered signal. Curve C shows the effect of applying a boxcar filter with a 12 ms window, as used by Visscher et al. (1999) for the feedback signal in their optical trap. The relatively long time-constant of this filter leaves only faint vestiges of the sub-8 nm steps and the flip-flop events, but similar features are apparent in the experimental data of Visscher et al. (1999) . Sub-8 nm steps similar to those in curve B in figure 5a have been observed experimentally by Coppin et al. (1996) using a 110 Hz low-pass filter. However, more recent measurements on kinesin by Nishiyama et al. (2001) seem to show that the second sub-step may occur within ca. 50 µs of the first. Such a rapid sub-step would imply that head A in figure 1c detaches ca. 50 µs after its neck linker has docked, and the lifetime of the two-headed attachment state (state 3) would hence be very short. At least one additional slow step would therefore be required in the kinesin cycle in order to limit the maximal ATPase rate to ca. 100 s Ϫ1 (Visscher et al. 1999) , whilst two additional steps would be required to produce the low randomness in figure 4 . Such additional steps, possibly representing release of ADP and phosphate, can be accommodated in the model in order to reconcile the rapid sub-steps with the low randomness. Figure 5b shows a Monte Carlo simulation of kinesin stepping with rapid sub-steps using a bead of diameter 0.2 µm and a sampling rate of 100 kHz (Nishiyama et al. 2001) . No trace of substeps or flip-flop events can be seen with a 100 Hz filter (curve B) or with a 12 ms boxcar filter (curve C), in contrast to the experimental data of Coppin et al. (1996) and Visscher et al. (1999) , respectively. However, the inset to figure 5b shows the first kinesin step on a sub-millisecond time-scale. As in the experiment of Nishiyama et al. (2001) , the Brownian noise in the displacement signal (black line) tends to mask the rapid sub-8 nm step, which is shown more clearly in the hypothetical noise-free signal (grey line).
One should note that it is possible that the kinesin preparation used by Nishiyama et al. (2001) may be significantly different from that used by Visscher et al. (1999) and it may display a higher randomness in addition to the rapid sub-steps. It would therefore be interesting to see if the kinesin used by Visscher et al. (1999) displays rapid sub-steps. The neck-linker docking model predicts that the sub-step size should vary linearly with the applied force, as shown in the inset to figure 5a. If sub-8 nm steps can indeed be observed in kinesin, then this is a characteristic feature that may be used to test the correctness of the model.
CONCLUDING REMARKS
We have suggested that neck-linker docking in kinesin may be similar to the folding of a protein chain into a β-hairpin (Muñ oz et al. 1997 (Muñ oz et al. , 1998 . The highly mobile undocked neck linker (Rice et al. 1999 ) is expected to have an entropic elasticity (Treloar 1958; Kittel 1969; Howard 2001) that is absent in the fairly rigid docked state. We therefore propose that neck-linker docking in kinesin may be represented as the thermally activated shortening of a Proc. R. Soc. Lond. B (2002) spring. Tension in such a spring of stiffness due to an applied load f produces a characteristic activation energy of the form f 2 /2, by contrast to the energy fh that is required to perform a power stroke of length h. Hence, although the internal operation of the motor domains in kinesin and myosin may be similar (Vale & Milligan 2000) , the quadratic tension-dependence of its elastic energy distinguishes neck-linker docking in kinesin from a myosin-like power stroke (Huxley 1969; Huxley & Simmons 1971) .
The integration of neck-linker docking into a simple three-state model for the kinesin cycle can account both for the kinesin force-velocity relation and for the unusual tension-dependence of K m observed in the force-clamp experiment of Visscher et al. (1999) . However, the randomness predicted by the three-state model is higher than they observed, which suggests that more than three states are required in the kinesin cycle. We find that a four-state model in which neck-linker docking is separated from attachment of the second head produces a theoretical randomness (Thomas et al. 2001 ) that is in much closer agreement with the experimental measurements.
The neck-linker docking model predicts that the kinesin motor should make sub-8 nm steps. The first sub-step (of size f/ ) occurs during docking, whilst the second substep (of size u 0 Ϫ f/ , where u 0 is the full step size of 8 nm) occurs when the docked head detaches. Hence, the necklinker docking model predicts that the size of the sub-8 nm steps should vary linearly with the applied load f. Experimental investigation of the sub-step size at different loads may therefore be used to test the correctness of this model. Sub-8 nm steps were observed by Coppin et al. (1996) , but Nishiyama et al. (2001) found that the second substep occurs ca. 50 µs after the first, which implies that state 3 in figure 1c is very short-lived. Two additional steps, possibly representing the release of ADP and phosphate, would be required in the kinesin model in order to reconcile such rapid sub-steps with the low randomness observed by Visscher et al. (1999) , although it is possible that the kinesin preparations used by the two groups may be significantly different. The 'flip-flop' behaviour simulated in figure 5a , where the neck linker docks and then undocks, has not, to our knowledge, been reported explicitly so far, but there are possible indications of this process in the data of Visscher et al. (1999) . Similar 'oscillatory behaviour' was also noted by Rock et al. (2001) in their recent study of the myosin VI motor.
From a wider perspective, kinesin provides an excellent prototype for exploring the behaviour of tightly coupled, processive molecular motors (Thomas et al. 2001) , for which the stepping is directly linked to ATP hydrolysis. ATP is essential for neck-linker docking to occur, and its hydrolysis provides the free energy that drives the cycle in figure 1c forwards. Note, however, that the elastic energy for docking (and also for head attachment) is supplied by Brownian motion. Both ATP hydrolysis and Brownian motion therefore play fundamental roles in the kinesin motor, just as they do in actomyosin (Thomas & Thornhill 1998 Thomas et al. 2001) .
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APPENDIX A: PARAMETERS FOR THE NECK-LINKER DOCKING MODEL
To determine the parameters for the neck-linker docking model with either three or four states, we used Mathematica (Wolfram Research, Champain, IL, USA) to perform a global fit to the experimental kinesin forceclamp data shown in figures 2 and 3 of Visscher et al. (1999) . In both cases, we set k 32 = k 43 = 0, since [P i ] and [ADP] were essentially zero, and we took the first-order ATP-binding constant for kinesin to be K 12 = 2 µM Ϫ1 s Ϫ1 (Moyer et al. 1998) . The results of the fitting were as follows.
(a) Three-state model The values of the four fitted parameters (and their calculated standard errors) for f 0 = Ϫ1 pN were = 1.72 ± 0.15 pN nm Ϫ1 , k 21 = 826 ± 251 s
Ϫ1
, k 23 = 1962 ± 638 s
and k 34 = 109 ± 3.9 s
, whilst for f 0 = 0 we found = 1.43 ± 0.13 pN nm Ϫ1 , k 21 = 762 ± 204 s Ϫ1 , k 23 = 1276 ± 398 s Ϫ1 and k 34 = 111 ± 4.7 s
. The fitted values for k 21 and k 23 are subject to large errors because they are very sensitive to the value of , which occurs inside the exponential factor for k 23 ( f ) in equation (3.1). In both cases, the value obtained for the stiffness is comparable with that expected for the entropic elasticity of the neck linker (Howard 2001) . The values of are several times larger than the measurements of Kawaguchi & Ishiwata (2001) , but this may be due to the angle between the kinesin neck and the substrate in their experiment, which reduces the apparent stiffness by a factor of cos 2 .
(b) Four-state model
The extra state in the four-state model introduces two additional rate constants, which we could not determine accurately through an unconstrained global fit to the available experimental data. We therefore fixed two of the fourstate parameters to the values f 0 = Ϫ1 pN and = 1.72 pN nm Ϫ1 obtained for the three-state model, together with the additional constraints k 2Ј3 = k 34 and k 2Ј2 = 200 s Ϫ1 . The parameters determined from the global fit were then k 21 = 827 ± 143 s Ϫ1 , k 22Ј = 3769 ± 338 and k 34 = 217.4 ± 4.2 s Ϫ1 .
